ABSTRACT PURPOSE: To evaluate the irregularity of the posterior corneal surface and intrastromal dissection during the preparation of donor tissue for Descemet stripping automated endothelial keratoplasty (DSAEK) using a curved interface femtosecond laser and microkeratome.
he surgical technique of endothelial keratoplasty allows selective replacement of the diseased endothelial layer, while preserving the corneal stroma. [1] [2] [3] [4] Good visual outcomes and quick recovery have made endothelial keratoplasty the therapy of choice in endothelial disease. 3, 5 As a result, of all corneal grafts performed in the United States, the percentage used for endothelial keratoplasty has increased continuously from 4.5% in 2005 to 42.8% in 2009. 6 Various transplant preparation techniques for endothelial keratoplasty have evolved recently, namely microkeratomeassisted techniques, manual techniques, and those using femtosecond lasers. 5, [7] [8] [9] [10] With femtosecond lasers, the depth of the cut can be accurately adjusted, which, theoretically, allows for a high reproducibility in terms of lamellar graft thickness. However, in the clinical context, unsatisfactory visual acuity after femtosecond laser-assisted preparation has been reported. 11 Consequently, microkeratome-assisted preparation still seems to be the technique of choice. From 12 071 corneas processed recently in the United States for endothelial keratoplasty prior to distribution (precut tissue), only 25 were prepared using a femtosecond laser, whereas 12 037 were precut with a microkeratome and 9 prepared manually. 6 One possible explanation may be the perception of a smoother microscopic surface with a potentially higher optical quality when using a microkeratome compared to the femtosecond laser. 12, 13 In the current study, we focused on the macroscopic smoothness of the posterior corneal surface using spectral The data were fi tted to a second-order polynomial curve and were previously used as a mathematical model of the corneal surface. 17 The irregularity of the posterior surface of corneal grafts prior, during, and after preparation of a deep stromal lamellar for endothelial keratoplasty was compared using a curved interface femtosecond laser and conventional microkeratome. Also, the irregularity of the cleavage plane was analyzed for each device and a possible compression effect of the microkeratome blade on the corneal graft posterior surface was described.
MATERIALS AND METHODS
In this study, we used 16 human corneal donor tissues unsuitable for transplantation. These were divided into two groups: a femtosecond (FS) laser group and a microkeratome group. In the FS laser group, 7 corneas were processed using the 500-kHz VisuMax femtosecond laser (Carl Zeiss Meditec, Jena, Germany) and its concave keratoplasty contact glass. In the microkeratome group, the Amadeus II microkeratome (Ziemer Ophthalmic Systems, Port, Switzerland) with a 9.5-mm diameter hand piece and fl at 450-μm cutting head were used on 9 human donor corneal tissues.
DONOR CORNEA PREPARATION
All corneal tissues were cultivated in organ culture medium according to the standard operating procedures of the eyebank of Rheinland-Pfalz, Mainz, Germany. According to these procedures, the corneas were incubated at 34°C and dehydrated with dextran 6% containing organ culture medium for more than 24 hours prior to experimental utilization. In the FS laser group, the corneas were inserted into Barron artifi cial anterior chambers (Barron Precision Instruments, Grand Blanc, Michigan) ( Fig 1A) . In the microkeratome group, the corneas were fi xed between a custommade transparent base and the microkeratome hand piece, both in combination serving as an artifi cial anterior chamber (Fig 1B) . The transparent base allowed for continuous visualization of the cutting procedure from below. All anterior chambers were connected to a sodium chloride 0.9% infusion set positioned 80 cm above the chambers. This continuously maintained a pressure of approximately 60 mmHg inside the anterior chambers, which were then positioned in front of an SD-OCT (Casia OCT; Tomey, Nagoya, Japan) as shown in Figure 1 . Horizontal cross-section SD-OCT images (12-mm width ϫ 5.5-mm depth; 512ϫ256 pixels) were obtained and corrected for differences in the refractive index at the anterior and posterior corneal surface and the surface of the transparent base (Fig 2) .
In the FS laser group, the VisuMax contact glass was positioned between the anterior chamber and SD-OCT. The contact glass was connected to a weight of 50 g via a string pivoted around an iron bar to sustain a continuous force of 0.49 N towards the cornea (see Fig 1) . This allowed for a contact zone with a diameter Ͼ10.0 mm between the contact glass and corneas. Horizontal SD-OCT cross-sections were again obtained at this point (see Fig 2) for analysis of applanation-specifi c deformation of the corneas. The corneas were then transferred to the VisuMax femtosecond laser and a deep stromal cut was performed using a cutting depth of 450 μm. The corneas were then repositioned in front of the SD-OCT and horizontal cross-section images were again obtained 5 minutes after completion of the cutting procedure (see Fig 2) .
In the microkeratome group, a cutting procedure was started and video images were recorded via SD-OCT to analyze the dynamic changes in posterior surface folding during the blade movement. The cutting procedure was aborted when the blade reached the middle of the cornea and horizontal SD-OCT cross sections Figure 1 . Experimental setup. A) In the femtosecond laser group, the VisuMax contact glass was pressed with 0.49 N against the cornea in the anterior chamber using a weight of 50 g. B) In the microkeratome group, the corneal morphology was analyzed through an anterior chamber with a transparent base during the microkeratome dissection. AC = artifi cial anterior chamber, CH = cutting head, HP = hand piece, OCT = optical coherence tomography FS Laser vs Microkeratome in Corneal Surface Applanation/Vetter et al were again obtained (see Fig 2) to visualize the cornea being applanated by the cutting head. The blade was retracted and horizontal cross-section images were recorded 5 minutes after completion of the microkeratome cutting procedure (see Fig 2) .
ANALYSIS
The central 6 mm of the SD-OCT images and 3-mm sections were analyzed (see Fig 2) . The posterior corneal surface and intrastromal cut were manually marked with a white line using Photoshop CS5 (Adobe, San Jose, California). In each cross-section image, the x-and y-coordinates of each point on the white line were expressed in microns and were transferred into SPSS for further processing (SPSS Inc, Chicago, Illinois). A second-order polynomial curve (as an approximation for a regular corneal posterior surface) was fi tted individually to the transferred points of each image using regression analysis and the least squares method (Fig 3) . The-root-mean-square error (RMSE) between the surface points and each fi tted curve was calculated as a measure of surface irregularity for each cross-section. Additionally, in the microkeratome group, the dynamic deformation of the posterior corneal surface during dissection was examined using individual frames from the video fi le and rearranging them relative to the position of the blade. The obtained curves of the corneal thickness were averaged.
Primary endpoints were the mean RMSE of the intrastromal cut as a measure of the posterior surface and intrastromal cut irregularity. The RMSE values of the intrastromal cut were compared between both groups using analysis of variance. A signifi cance level of ␣=0.05 was applied. Analysis of all other measurements was exploratory, and the resulting P values are to be interpreted as descriptive.
RESULTS
The tissue characteristics are shown in the Table. No signifi cant difference was noted in donor age between groups.
After insertion of the corneas into the anterior chambers, the RMSE was measured as 9.7Ϯ3.1 μm and 10.2Ϯ2.3 μm in the femtosecond laser and microkeratome groups, respectively. The RMSE increased signifi cantly in both groups during applanation to 50.7Ϯ9.4 μm in the FS laser group and 20.9Ϯ6.1 μm in the microkeratome group (Fig 4; PϽ.001 compared to prior applanation RMSE in both groups). Also, the RMSE during applanation by the curved VisuMax Figure 2 . Optical coherence tomography (OCT) fi ndings using the A) VisuMax femtosecond laser contact glass (left column) and E) Amadeus II microkeratome cutting head (right column) for applanation and intrastromal dissection. B, F) OCT images obtained prior to applanation, C, G) during applanation, and D, H) after applanation and intrastromal dissection. The images show horizontal 12-mm cross-sections. B to F) The posterior surface and dissection irregularity was obtained from the central 6 mm (wide boxes) and G, H) 3 mm (narrow boxes) sections.
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femtosecond laser contact glass (FS laser group) was signifi cantly higher than that in the microkeratome group (PϽ.001). After applanation, the RMSE values of the posterior surface were similar to those before applanation (Fig 5) . In the FS laser group, the RMSE decreased to 10.6Ϯ1.4 μm and in the microkeratome group to 8.1Ϯ1.8 μm.
The irregularity of the tissue cleavage line was also analyzed. The RMSE was 19.5Ϯ5.7 μm (P=.002 compared with the irregularity of the posterior surface) when using the VisuMax femtosecond laser and 7.7Ϯ3.0 μm (PϽ.001 compared to VisuMax values; see Fig 5) when using the mechanical microkeratome.
Morphological analysis of the dynamic deformation of the posterior surface during the microkeratomeassisted intrastromal cut showed a marked steepening of the posterior corneal surface approximately 100 μm in front of the blade (Fig 6) .
DISCUSSION
In the current study, we found a substantial increase in RMSE values-as a measure of posterior surface irregularity-due to applanation by the concave VisuMax femtosecond laser contact glass and a moderate increase using the fl at Amadeus II microkeratome head (see Fig 4) . The higher irregularity with the curved contact glass may be unexpected at fi rst. It is logical that moderate applanation caused by the curved VisuMax contact glass leads to horizontal compression, which causes posterior surface folding. It is also known that anterior corneal lamellae are tightly connected and the anterior stroma is more rigid than posterior stroma. 18 When a ring segment with a rigid outer surface is fl attened, the inner surface is distended. Similarly, the posterior folds seen with moderate applanation may distend again with complete applanation. After applanation, RMSE values of the posterior corneal surface were similar to pre-applanation values in both devices, but RMSE values of the intrastromal cut were higher than those of the posterior corneal surface only in the FS laser group. The difference in RMSE values of the intrastromal cleavage line between the devices may be the result of the different RMSE values found at the posterior corneal surface during applanation. A straight cut through a compressed and folded cornea will lead to an irregular cut if compression is released from the cornea and it unfolds. However, we also found a distinct steepening of the posterior corneal surface in front of the tip of the microkeratome blade. This suggests that the posterior corneal surface in front of the blade may suffer compression by the blade itself, which could locally neutralize the applanation-induced folding of the surface.
In the clinical context, several studies described unsatisfactory corrected visual acuity after femtosecond laser-assisted DSAEK compared with microkeratomeassisted DSAEK. 11, 19, 20 Jones et al 12 used electron microscopy to demonstrate a smoother surface after deep stromal dissection with a microkeratome as opposed to a femtosecond laser. Our study suggests that 
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femtosecond laser-assisted preparation may lead to irregularities in corneal graft thickness, which could then lead to an irregular posterior corneal surface in the recipient. In our clinic, we observed persistent Descemet folds in several patients after femtosecond laser-assisted DSAEK. 21 Surface irregularities and surface roughness are generally expressed in RMSE values in optical physics. 22, 23 Irregularities and folds of the posterior corneal surface can lead to scattering of light according to Snell law using a refractive index of 1.37 for the cornea and 1.34 for the aqueous fl uid. 24 As a result, marked folding of optical relevant ocular surfaces may reduce the corrected visual acuity of otherwise healthy eyes. 25, 26 Many surgeons use fl at surface femtosecond lasers instead of curved surface devices. In our experiments, the fl at surface of the microkeratome caused less posterior surface folding than the curved surface of the VisuMax femtosecond laser. However, the microkeratome cutting head applanates only a part of the cornea whereas the fl at femtosecond laser contact glass leads to a complete applanation. Therefore, further research with different contact glasses is needed. Another limitation of the present study is the relatively low number of corneas used, especially in the FS laser group.
Our results show that corneal deformation can occur during applanation using femtosecond lasers. Unexpectedly, the degree of posterior surface irregularity seemed to be higher with the concavely curved interface of the VisuMax femtosecond laser compared to the fl at Amadeus II microkeratome. Also, the irreg- 
